
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

Final Report

W911NF-14-1-0559

65946-MS-II.1

617-373-3186

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

Approved for public release; distribution is unlimited.

UU UU UU UU

28-09-2018 18-Aug-2014 17-May-2015

Final Report: Enhanced Stability and Mechanics of Ultra-fine 
Grained Metals via Engineered Solute Segregation

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Moneesh Upmanyu

611102

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

Northeastern University
360 Huntington Avenue
490 RP
Boston, MA 02115 -5005



Agency Code:  

Proposal Number:  65946MSII

Address:  360 Huntington Avenue, Boston, MA  021155005 
Country:  USA
DUNS Number:  001423631 EIN: 104167998 

Date Received:  28-Sep-2018
Final Report for Period Beginning 18-Aug-2014 and Ending 17-May-2015

Begin Performance Period: 18-Aug-2014 End Performance Period:  17-May-2015

Submitted By: Program Manager Michael Bakas
Phone:  (919) 549-4247

STEM Degrees:  0 STEM Participants:  0

RPPR Final Report 
as of 28-Sep-2018

Agreement Number:  W911NF-14-1-0559

Organization:  Northeastern University

Title:  Enhanced Stability and Mechanics of Ultra-fine Grained Metals via Engineered Solute Segregation

Report Term:  0-Other
Email:  michael.p.bakas.civ@mail.mil

Distribution Statement:  1-Approved for public release; distribution is unlimited.

Major Goals:  NOTE: THIS REPORT WAS SUBMITTED ON BEHALF OF  PROFESSOR UPMANYU BY THE 
PROGRAM MANAGER, BASED ON AN EMAILED DOCUMENT. PROFESSOR UPMANYU COULD NOT OR 
WOULD NOT ENTER THE REPORT IN THE SYSTEM, SO THE PROGRAM MANAGER FILLED OUT THE 
FIELDS TO THE BEST OF THEIR ABILITY SO THIS PROJECT COULD BE CLOSED. SOME OF THE DATA 
MAY BE INACCURATE. THE EMAILED REPORT IS ATTACHED. 





1. Explore the variation in segregation profiles as a function of boundary type in Fe-C and Al-Mg systems. Use 
these variations to extract the strength of the solute-boundary interaction to study the effect of segregation on grain 
boundary kinetics.



2. Investigate the effect of external stresses on the segregation profile. 



3. Investigate the thermodynamic and kinetic mobility of grain boundaries computationally by exploring the 
equilibrium fluctuations of the segregation interfaces. These values will be used to extract the grain boundary 
stiffness metric to quantify the drag effect caused by the solute.

Accomplishments:  1. It was found that small amounts of impurities increased instability of a recrystallization front, 
and these impurities have a strong influence on the kinetics.



2. A combination of theoretical analyses and numerical simulations were performed to study the effect of 
segregation on equilibrium fluctuations of grain boundaries. The random walk of the dirty interface occurs within a 
confining solute cloud that itself evolves stochastically in the crystalline matrix, albeit at a much slower rate. The 
coupled response, a random walk within a random walk, represents a new class of stochastic dynamics. Numerical 
studies using a combination of Brownian dynamics, kinetic Ising model and all atom simulations of grain boundaries 
in Fe-C system reveal qualitatively different behavior at multiple time-scale.



3. Employed capillarity fluctuation methods to explore interstitial solute effects on GB stiffness for an asymmetrical 
tilt grain boundary with different amounts of impurity concentration. Our results showed that solute-loaded grain 
boundaries exhibit classical rough fluctuation spectrum that allows us to extract their stiffness, and the stiffness 
increases non-linearly with the solute content. Our study offers a pathway for rational design of stable 
nanocrystalline alloys.
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Final Report:  

This one-year project supported one graduate student and led to the following 
milestones: 

  

A) Impurity Effects on Morphological Stability of Recrystallization Fronts:  
We investigates the origin of serrations during motion of recrystallization fronts. 
Past experiments have attributed the morphologies to the variations in the stored 
energy of deformation. The role of 
impurities has been ignored, 
although past studies have shown 
that front properties are 
dramatically altered by trace 
amounts of impurities. Here, we 
employ a combination of theoretical 
frameworks, Ising and molecular 
dynamics to study the influence of 
impurities on the stability of a 
moving recrystallization front, as 
determined by the balance between 
stored energy of deformation, 
solute drag and boundary stiffness. 
A linear stability analysis shows 
that the instability is enhanced at 
small impurity concentrations, and 
it is sensitive to the kinetics of 
impurities along and normal to the 
boundary. Our results underline the role of both driving forces and impurity 
diffusivities on the morphological stability of recrystallization fronts. In particular, 
the findings underscore the importance of solutes destabilizing recrystallization 
fronts in dilute alloys.  

The findings were presented at a TMS Annual meeting, and will be followed by a 
peer-reviewed publication in this coming year. 

B) Random Walk of a Solute Loaded fluctuating grain Boundary: 

Tailoring the solute segregation at extended defects such as dislocations and 
interfaces is critical for engineering crystalline materials. Here, we use a 
combination of theoretical analyses and numerical simulations to study the effect 
of segregation on equilibrium fluctuations of grain boundaries. The random walk 
of the dirty interface occurs within a confining solute cloud that itself evolves 
stochastically in the crystalline matrix, albeit at a much slower rate. The coupled 



response, a random walk within a random walk, represents a new class of 
stochastic dynamics. Numerical studies using a combination of Brownian 
dynamics, kinetic Ising model and all atom simulations of grain boundaries in Fe-
C system reveal qualitatively different behavior at multiple time-scale. Our results 
have implications for direct quantification of solute effects on kinetics of grain 
boundaries, and more general interfaces. Interesting, the short-range fluctuations 
enable us to quantify the strength of interaction between the grain boundary and 
the solute, and therefore allow a rational design of stable nanocrystalline alloys. 
We are currently extending this study to polycystalline networks for a range of 
binary alloys. 

C) Effect of solutes on grain boundary stiffness 

The optimization of the grain size, morphology and topology is of critical 
importance during processing of nanocrystalline materials in order to enhance its 
optimum performance for variety applications. Grain boundary networks in 
nanocrystalline alloys are unstable due to 
the large curvatures that drive rapid 
coarsening. Adding solutes is an attractive 
strategy for suppressing coarsening as the 
kinetics of grain boundaries is considerably 
sensitive to solute content. In addition, 
solutes can also modify the grain boundary 
energy, and therefore their stiffness. The 
latter is a key quantity that dictates the 
coarsening kinetics, yet it has not been 
previously quantifies. In this work, we have 
employed capillarity fluctuation methods to 
explore interstitial solute effects on GB stiffness for an asymmetrical tilt grain 
boundary with different amounts of impurity concentration. Our results show that 
solute-loaded grain boundaries exhibit classical rough fluctuation spectrum that 
allows us to extract ther stiffness, and the stiffness increases non-linearly with 
the solute content. Our study offers a pathway for rational design of stable 
nanocrystalline alloys. 
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